INTRODUCTION
Stem taper equations are used to estimate in detail the volume of a single tree between the ground level and a certain height on the stem, or between two different heights on the stem of a tree (Yavuz 1995 (Yavuz , Özçelik et al. 2012 . In this context, in order to accurately determine in detail the volume of wood that can be obtained from individual trees, there is a need to develop stem taper equations for every type of tree and forest site. Max and Burkhart (1976) developed a stem taper model, named the Segmented Polynomial Stem Profile Model, in which a different polynomial is formed for every segment of the tree that exhibits a different form (rather than a single polynomial for the entire stem), and the polynomials are subsequently combined within a single model. This model, which has been revealed as statistically relatively accurate, has been extensively used by many researchers to estimate the stem taper of different types of trees (Demaerschalk and Kozak 1977, Czaplewski and Mcclure 1988) . As different from the equation of Max and Burkhart (1976) , Parresol et al. (1987) presented a power equation connecting and combing two cubic polynomials. Jiang et al. (2005) improved Max and Burkhart (1976) equation by adding upper diameter, e.g. upper diameter values at 5.30 m, and also found that the addition of this upper diameter as a predictor variable provided modest improvements.
Stem taper equations generally use taper data obtained at different heights from each individual tree, and form a data pool consisting of statistics collected through multiple measurements of trees with different stem growth sites. In these hierarchal data structures, where every tree exhibits its own specific type of stem growth, researchers often encounter the problem known as "serial-correlation or autocorrelation", a situation where a certain level of dependence is observed among different data (Leites and Robinson 2004) . Such correlations among sample data may lead to systematic errors in confidence interval estimations during the calculation of stem taper and stem volume equation parameters, which in turn can negatively affect the reliability of the model results (Searle et al. 1992) . In this respect, when dealing with hierarchal data structures where the condition of data independence is not met, there is an issue of autocorrelation problem among data; the linear and non-linear mixed effect models that enable the modeling of variance-covariance matrices are usually utilized instead of prediction models based on the use of ordinary least squares (OLS) for linear models or nonlinear least squares (NLS) technique for nonlinear models (Littell et al. 2005) .
Pinus nigra Arnold. subsp. pallasiana (Lamb.) Holmboe is one of the most economically and ecologically important forest tree species for Turkey with valuable wood for many commercial uses. Pinus nigra prefers full sun, moist to dry conditions that are well-drained, and acidic sandy soil, although it also adapts to other kinds of soil. Pinus nigra often forms forests of pure or mixed type, in higher mountainous areas of Anatolia; however, it also extends to inner and other regions in the form of small patches. Pinus nigra grows naturally in Turkey and is located in the Marmara, Aegean and Mediterranean regions, as well as in many other regions of the world (Davis 1982) . In Turkey, Pinus nigra covers 4,244,921 ha and composes nearly 19 % of the country's total forest area (General Directorate of Forestry 2015). Pinus nigra stands with different forest structures and bio-diversity are widespread in the forest areas of Turkey. The management of these stands of this species is of increasing importance to foresters in Turkey, and a crucial factor is knowledge of tree taper estimation for the sound management of these stands. Despite the importance of Pinus nigra species in this region, only a few studies concerning the taper prediction systems based on nonlinear mixed effect models exist. Thus, the objectives of the present study is (1) to compare some Nonlinear Segmented Polynomial Stem Taper Equations to predict tree taper of Pinus nigra trees distributed in the Çankırı Forests, (2) to apply the nonlinear mixed effect modeling approach was applied to the best predictive equation by predicting the parameters and variance components of this equation and (3) to evaluate some calibration strategies including different numbers of sub-sample trees to specifying sampling unit-specific effect into the taper predictions.
METHODS
The study was performed using data from 210 trees that were felled in the Pinus nigra stands of the Çankırı Forests within the Çankırı Forest Management Directorate (Şenyurt et. al. 2014) . The sample trees were randomly selected to represent various tree diameter and height sizes with the best variability in volume development. Attention was specifically paid to ensuring that none of the collected sample trees had damaged tips, damaged wood (broken tips or cracked and dried wood), insect-related damage, fungus-related damage or injuries (caused by whichever reason) that led to stem rot.
Within the scope of this study, sample trees were felled at the height of 0.3 m (the base of the trunk); the stem diameter over bark (cm) was first measured at this height. Following this, measurements were continued at regular intervals of one meter by using a steel measuring tape, hence measurements were taken at 1.3 m, 2.3 m, 3.3 m, etc. In addition, the total height of trees was also measured with a steel measuring tape. Thus, a total of 2,462 taper/ diameter measurements were obtained from the 210 sample trees used in this study. Table 1 provides the summary statistics, such as the mean, standard deviations, minimum and maximum of diameter at breast height (dbh) and total height (h) for model fitting and validation data set.
The data used within the scope of the study were randomly divided into two groups: modeling data used for estimating the parameters of the equations, and validation data used for assessing the suitability of the functions for the studied stands. Nearly 85 % (n = 178) of the trees were in the former group (Group I), while 15 % (n = 32) of the trees were in the latter group (Group II). Max and Burkhart (1976) ; Jiang et al. (2005) , on the other hand, used the segmented polynomial stem profile equation proposed by Clark et al. (1991) as a basis to develop a new equation consisting of fewer parameters. This equation, as developed by Jiang et al. (2005) , is shown below [equation 3].
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Where d 5.3 : stem diameter over bark (cm) at 5.3 meters of stem height.
In this study, a number of different statistical criteria were used to determine the most successful of these three different stem taper models. These criteria included the sum square error (SSE), mean square error (MSE), root mean square error (RMSE), Akaike's information criterion (AIC), Schwarz's Bayesian Information Criterion (BIC) and the adjusted coefficient of determination (R
adj
). With these criteria, it is desirable for the SSE, MSE, RMSE, AIC and BIC to have as small value as possible, while the R 2 adj is expected as close as possible to 1. The formulae for [4]
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Where: d i represents stem diameter over bark (cm) at a height h (m); represents the estimated diameter value with the developed stem taper model, represents average diameter, n represents the number of data, L means Maximum value of the log likelihood function and p represents the number of parameters within the model.
The PROC MODEL procedure from the SAS Statistical Package Software (SAS Institute Inc. 2013) was used both for estimating the parameters of the stem taper equations listed above and for determining the various statistical criteria for success.
Nonlinear mixed effect modeling approach. The parameters and variance components of the equation that was determined to be the most effective among the three stem taper equations were estimated with the Nonlinear Mixed Effect Modeling Technique. In mixed models, the fact that model parameters are classified as fixed effect and random effect parameters is shown as follows [equation 10]:
[10]
Here, β is the parameter associated with fixed effects, and is calculated for the entire population, while b i is the parameter associated with the random effects, and differs among sample trees (Castedo Dorado et al. 2006 , Crecente-Campo et al. 2010 . In mixed models, the basic assumption for the model errors and the parameters for the random effects are shown as follows:
Where b i is the arithmetic mean of the parameter for random effects, and is 0 with a variance of D; ε ij , the model error, has an arithmetic mean of 0 and a variance of R, and has a normal distribution (Calama and Montero 2004, Castedo Dorado et al. 2006) . The estimations for matrices D and R that is expressed in these assumptions are an important aspect of mixed models (Lappi 1997) . The matrix is a positive variance-covariance matrix that describes the variability among the tree samples (inter-tree variability), while the R matrix is a variance-covariance matrix that describes variability among the measured data on a given tree sample (intra-tree variability). The formulae for the D and R variance-covariance matrices, which define and model the variability between both the sample trees and the measured data, are shown in the equations below:
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In represents the covariance among the random effect parameters, represents the error value for the model, and I i represents the diagonal matrix value with the non-fixed variance and which dimension of matrix is equal to the number of data used for the sub-sample trees (Castedo Dorado et al. 2006 , Trincado et al. 2007 .
In this study, the predictions for variance components and fixed parameters of the taper equation selected as best predictive were obtained by PROC NLMIXED procedures of the SAS/ETS V9 software (SAS Institute Inc. 2013) . In a nonlinear mixed effect regression, SAS PROC NL-MIXED uses the maximum likelihood estimation (ML) procedure. The adaptive Gaussian quadrature was used to solve numerically the integral over the random effects in SAS NLMIXED procedure. Pinheiro and Bates (2000) presented the detailed information for this procedure.
Calibration response. For the application of the Mixed Effect Modeling on different growing environments and stands, the random effect parameters will be estimated based on the new data set obtained from the other forest areas. This subsequent process following the estimation of the fixed effect parameters within the equation along with the variance components relating to these parameters have been called as "calibrating mixed effect models".
When calibrating the mixed effect modeling to a particular area, a number of diameter values measured on sample
trees collected from the other forest area are first used to calculate the random parameters; after this, a random effect parameter is added to (or, if it is a negative value, subtracted from) this calculated fixed effect parameter value that is valid for the entire population. In forestry applications, the calibration of mixed models is performed according to the Best Linear Unbiased Predictor (BLUP) formula first used by Lappi (1991) , and which is also designated as the Henderson equations. In their studies, Calama and Montero (2004) , Trincado and Burkhart (2006) , Lejeune et al. (2009) , Sharma and Parton (2009), Yang et al. (2009), and Özçelik et al. (2011) used BLUP equations for estimating random effect parameters. In this study, 32 different tree data selected for model calibration with the method described above were used for determining the calibration response of the mixed models. In the application of the BLUP formula and the calculation of the random parameters, the SAS program code provided by Trincado et al. (2007) was employed. In this study, to determine the calibration response of the mixed effect nonlinear stem taper model, comparisons were made among four different calibration response options, involving the use of diameter values measured at different heights of trees. The calibration response options in question were:
1.) Three diameters from the lowest base section of the sample tree, 2.) Three diameters that divide the sample tree measurements into two equal parts, 3.) Three diameters that are closest to the top of the sample tree, 4.) Three diameter values obtained respectively from the base, midsection and top of the sample tree.
These diameter values were afterward used to calculate the random parameters for these sample trees with the SAS program source code provided by Trincado et al. (2007) . For these sample trees, the diameter values were estimated with this calibrated stem taper equation by using random parameters based on different calibration response options. The success of the model estimations was subsequently calculated based on the differences between the estimated and observed diameter values, according to the SSE, MSE and RMSE criteria.
RESULTS
Taper equations. The parameter estimations, standard error values, t-values and their significance levels for the three --Max and Burkhart (1976), Parresol et al. (1987) and Jiang et al. (2005) --equations with the success criteria for the different models used in this study are all shown in table 2. All parameters for these equations were determined to be statistically significant with P value < 0.05.
The success criteria of the Max and Burkhart (1976) [17]
In this matrix, the variance value of b 1 parameter is 666.94, the variance value of b 4 parameter is 0.4596, and the value of the covariance between the two parameters is 1.4089. The R matrix was obtained as follows [18] : [18] In this matrix, the equation error is 0.8300, while is the value of the 3x3 diagonal matrix (the number of data selected for calibration in the sample trees on which the mixed model will be employed).
The estimated SSE, MSE, and RMSE values based on these sample trees are shown in table 5. Among these calibration choices, the best results were obtained with the choice involving the measurement of three diameters that are closest to the top of the sample tree. This option was followed in terms of success by the calibration response choice involving three diameter values obtained by dividing the measured diameters into two equal parts; the calibration 
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The relationship between d 2 /dbh 2 and h/H for observed and predicted by using Jiang et al. (2005) nonlinear taper model is shown in figure 1 . In addition, the residuals against predicted diameters (a) and predicted diameters against observed diameters (b) for Jiang et al. (2005) nonlinear taper model are shown in figure 2.
Nonlinear mixed effect modeling. Jiang et al. (2005) equation produced the best predictive results in modeling the stem taper based on some statistical criteria, the nonlinear mixed effect modeling approach was applied to estimate the parameters and variance components of this equation. Specially, the mixed effect modeling approach requires to determine which parameters within the equation structure are fixed effect parameters and which ones are random effect parameters. During the application of the mixed effect model, various model success criteria values are generally calculated for the different fixed effect and random effect parameter choices, and the combination of parameters that provide the best results among these different selections is selected as the mixed effect equation structure. In this study, the AIC and BIC criteria were calculated for each of the different single and double random and fixed effect parameter options (table 3) . Equation structures in which three and four parameters had random effects were especially not taken into consideration, since the estimation of these equations' parameters and the interpretation of their results are rather difficult. The nonlinear mixed effect structure including b 1 and b 4 as random effect parameters and b 2 and b 3 as fixed effect parameters presented the best predictive results based on an evaluation of these AIC and BIC criteria. In this study, a mixed effect equation structure including b 1 and b 4 as random effect parameters were used and u and v parameters expressing the variance of the two aforementioned random effect parameters were added to the equation structure. The variance values (σ 2 u , σ 2 u ), covariance values, and the SSE, MSE and RMSE values for both the fixed effect parameters and random effect parameters in the mixed effect model were presented in table 4. The SSE, MSE and RMSE values (3254.8, 1.71759 and 1.3119, respectively) for mixed effect modeling were more predictive than the SSE, MSE and RMSE for the nonlinear regression analysis (4125.7, 2.1771 and 1.4755, respectively).
The relationships between raw residuals (cm) and lag one residuals (cm) in stem diameter estimations for nonlinear regression of Jiang et al. (2005) model and nonlinear mixed effect model including b 1 and b 4 parameters as random effect are shown in figure 3 . This graph revealed that the nonlinear mixed effect model including b 1 and b 4 parameters as random effect successfully captured withintree residual autocorrelation with no significant residual autocorrelation.
Calibration response. The calibration of Nonlinear Mixed Effect Models to other forest area can be executed by sampling sub-samples measurements from these areas. D and R matrices are formed using the variance values of random effect parameters and the model error value; matrices should also include the calculations on the new measure- Relaciones entre los residuos brutos (cm) y el retraso de un residuo (cm) en las estimaciones del diámetro del fuste para el modelo de regresión no lineal de Jiang et al. (2005) response option involving three diameter values obtained respectively from the base, midsection and top of sample trees; and the calibration response option involving three diameter values from the lowest base section of the trees.
DISCUSSION
In this study, stem taper equations were developed using data for 210 Pinus nigra trees collected from the Pinus nigra stands at the Çankırı forests located in Çankırı Forest Management Directorate. To model the stem taper, the Segmented Polynomial stem taper equations of Max and Burkhart (1976) , Parresol et al. (1987) and Jiang et al. (2005) were used. The nonlinear regression analysis method was used for estimating the equation parameters and calculating the success criteria of these equations.
The taper equation of Jiang et al. (2005) Max and Burkhart (1976) , which divides the stem into three basic segments, the equation of Jiang et al. (2005) , which divides the stem into four different sections, has provided fairly better results in many studies in terms of modeling the stem taper. The success of Jiang et al. (2005) equation in modeling the stem taper can be explained by its ability to properly reflect the variability in stem taper owing to its complex equation structure.
In literature, many stem taper equations have been developed using nonlinear mixed effect modeling, such as Tassia and Burkhart (1998), Leites and Robinson (2004) , Trincado and Burkhart (2006) , Özçelik et al. (2011) . The best predictive and fitting performance with the nonlinear mixed effect model structure of Jiang et al. (2005) equation could be acquired by using the inclusion of random effects to account for the hierarchical and nested variance structure as distinct from other traditional regression fitting techniques. The improvement observed with the mixed effect modeling in the success criteria of this equation is associated with the inability of the nonlinear regression analysis to adequately estimate the inter-tree variability (heterogeneity) of sample trees collected from different stands. While the sample trees from which data were obtained within the scope of the study were homogenous within themselves (intra-homogenous), they were heterogeneous between each other (inter-heterogeneous), which indicated a hierarchal data structure. This problem designated as autocorrelation, can either cause a systematic error in the estimation of the confidence intervals for the equation parameters, or negatively affect the reliability of the regression model results (Searle et al. 1992) . In the stem taper equations developed based on measurements performed on sample trees cut from different stands and cultivation environments, the use of the mixed effect nonlinear regression analysis may improve the taper prediction in future studies.
When evaluating the calibration responses of the mixed effect models, the most important point to determine is the type of diameters that will be measured on the trees when calibrating the mixed effect model to a certain stand or forest sites. In our study, the first calibration option involved three diameters measured from the lowest base section of the trees; the second calibration option involved three diameters that divided the tree into two equal parts; the third calibration option involved three diameters closest to the top of the trees; and the fourth calibration option involved three diameter values measured respectively at the base, midsection and top of the trees. Comparisons performed according to different statistical criteria have shown that the best model estimation results are obtained with the calibration option where three diameters are measured at the top of the trees. However, Trincado and Burkhart (2006) have determined the calibration response by using the stem diameter at different heights such as a single diameter at 2.4 m, 3.7 m, 4.9 m or 6.1 m height, and two diameters measured at 3.7 m and 6.1 meter height. Yang et al. (2009) have analyzed the calibration responses by using many different diameters measured at 0.3, 1.3, 2.8, 5.3, 7.8, 10.3, 12.8, 15.3, 17.8, 20.3 and 22.8 meter. Lejeune et al. (2009) calibrated the stem taper equations by measuring a single diameter at heights of 3, 5, 7 and 10 meters, and two diameters at heights between 3.5 meters and 7 meters, and between 3.5 meters and 10 meters. Sharma and Parton (2009) analyzed the calibration responses of mixed effect modeling, based on the single diameter measurement of 9 different choices, the two-diameter measurement of 18 different choices, and the three-diameter measurement of 47 different choices. Özçelik et al. (2011) calibrated stem taper equations using tapers measured at 3.3 m and 6.3 m. In addition, with the calibration of the models, better results were obtained compared to the nonlinear regression analysis and the model estimations in which the mixed effect random effect parameter which is not calibrated by using sub-sample trees. In many other studies such as Trincado and Burkhart (2006) , Yang et al. (2009) , Lejeune et al. (2009) , Sharma and Parton (2009) , it was similarly determined that calibration for the mixed effect model by using additional diameter measurements resulted in best predictive model estimation.
Stem taper equations specifically, which allow the detailed estimation of stem volumes, may enable Turkish forestry operations to estimate volume more accurately and consistently. In Turkey, with the growing importance of the sale of planted trees, there is a growing need to have detailed and accurate volume estimations before the tree is even cut; in this regard, the use of stem taper equations becomes even more important. Developing stem taper equations for the different cultivation environments and stands in which different tree species, especially domestic trees, are grown is a significant priority.
